Abstract. Extensive photometric multisite campaigns of the δ Scuti variable FG Vir are presented. For the years 2003 and 2004, 926 hours of photometry at the millimag precision level were obtained. The combinations with earlier campaigns lead to excellent frequency resolution and high signal/noise. A multifrequency analysis yields 79 frequencies. This represents a new record for this type of star. The modes discovered earlier were confirmed. Pulsation occurs over a wide frequency band from 5.7 to 44.3 c/d with amplitudes of 0.2 mmag or larger. Within this wide band the frequencies are not distributed at random, but tend to cluster in groups. A similar feature is seen in the power spectrum of the residuals after 79 frequencies are prewhitened. This indicates that many additional modes are excited. The interpretation is supported by a histogram of the photometric amplitudes, which shows an increase of modes with small amplitudes. The old question of the 'missing modes' may be answered now: the large number of detected frequencies as well as the large number of additional frequencies suggested by the power spectrum of the residuals confirms the theoretical prediction of a large number of excited modes. FG Vir shows a number of frequency combinations of the dominant mode at 12.7162 c/d (m = 0) with other modes of relatively high photometric amplitudes. The amplitudes of the frequency sums are higher than those of the differences. A second mode (20.2878 c/d) also shows combinations. This mode of azimuthal order m = -1 is coupled with two other modes of m = +1.
Introduction
The δ Scuti variables are stars of spectral type A and F in the main-sequence or immediate post-main-sequence stage of evolution. They generally pulsate with a large number of simultaneously excited radial and nonradial modes, which makes them well-suited for asteroseismological studies. The photometric amplitudes of the dominant modes in the typical δ Scuti star are a few millimag. It is now possible for ground-based telescopes to detect a large number of simultaneously excited modes with submillimag amplitudes in stars other than the Sun (e.g., Breger et al. 2002 , Frandsen et al. 2001 . Because photometric studies measure the integrated light across the stellar surface, they can detect low-degree modes only. This is a simplification for the interpretation because of fewer possibilities in mode identification.
A typical multisite photometric campaign allows the discovery of about five to ten frequencies of pulsation from about 200 to 300 hours of high-precision photometry (e. g., V351 Ori, Ripepi et al. 2003; V534 Tau, Li et al. 2004) . These excellent observational studies are then compared to theoretical pulsation models, but the fit is hardly unique (e.g., θ 2 Tau, Breger et al. 2002b ). The uniqueness problem can be lessened by studies with even lower noise in the power spectrum. This can be achieved by the very accurate measurements from space and by larger groundbased studies with more data, which concentrate on a single selected star. These more extensive ground-based studies also lead to to higher frequency resolution. The latter is important, because δ Scuti stars can show a large number of very close frequency pairs (or groups), which can only be resolved through long-term studies lasting many months or years. The question of frequency resolution is an important aspect in planning asteroseismological space missions (e.g., see Handler 2004 , Garrido & Poretti 2004 ).
The Delta Scuti Network (DSN) is a network of telescopes situated on different continents. The collaboration reduces the effects of regular daytime observing gaps. The network is engaged in a long-term program (1000+ hours of observation, 10+ years, photometry and spectroscopy) to determine the structure and nature of the multiple frequencies of selected δ Scuti stars situated in different parts of the classical instability strip. The star FG Vir is the present main long-term target of the network. This 7500K star (Mantegazza, Poretti & Bossi 1994) is at the end of its main-sequence evolution. The projected rotational velocity is very small (21.3 ± 1.0 km s −1 , Mittermayer & Weiss 2003 , see also Mantegazza & Poretti 2002) .
A number of photometric studies of the variability of FG Vir are available: a lower-accuracy study by Dawson from the years 1985 and 1986 (Dawson, Breger & López de Coca 1995 , data not used here), high-accuracy studies from 1992 (Mantegazza, Poretti & Bossi 1994) , as well as previous campaigns by the Delta Scuti Network in 1993 , 2004 . Furthermore, for the year 1996, additional uvby photometry is available (Viskum et al. 1998) . 12 nights of data were of high accuracy and could be included.
Because of the large scope of the long-term project on the pulsation of FG Vir, the photometric, spectroscopic and pulsation-model results cannot be presented in one paper. Here we present the extensive new photometric data from 2003 and 2004 as well as multifrequency analyses to extract the multiple frequencies excited in FG Vir. The analyses concentrate on the available three years of extensive coverage (2002) (2003) (2004) and also consider the previous data (1992) (1993) (1994) (1995) (1996) .
Separate studies, presently in progress, will (i) present mode identifications based mainly on high-dispersion lineprofile analyses and the data presented in this paper, (ii) examine the nature of close frequencies, (iii) compute asteroseismological models of stellar structure to fit the observed frequency spectrum.
New photometric measurements
During 2003 and 2004, photometric measurements of the star FG Vir were scheduled for ∼ 350 nights at four observatories. Of these, 218 nights were of high photometric quality at the millimag level with no instrumental problems. These are listed in Table 1 together with the additional details:
1. The APT measurements were obtained with the T6 0.75 m Vienna Automatic Photoelectric Telescope (APT), situated at Washington Camp in Arizona (Strassmeier et al. 1997 , Breger & Hiesberger 1999 The measurements were made with Strömgren v and y filters. Since telescopes and photometers at different observatories have different zero-points, the measurements need to be adjusted. This was done by zeroing the average magnitude of FG Vir from each site and later readjusting the zero-points by using the final multifrequency solution. The shifts were in the submillimag range. We also checked for potential differences in the effective wavelength at different observatories by computing and comparing the amplitudes of the dominant mode. No problems were found.
The measurements of FG Vir were alternated with those of two comparison stars. Details on the three-star technique can be found in Breger (1993) . We used the same comparison stars as during the previous DSN campaigns of FG Vir, viz., C1 = HD 106952 (F8V) and C2 = HD 105912 (F5V). No variability of these comparison stars was found. The two comparison stars also make it possible to check the precision of the different observing sites. The residuals from the assumed constancy were quite similar, i.e., for the (C1-C2) difference we find a standard deviation of ± 3 mmag for all observatories and passbands except for ± 2 mmag (2004 SAAO75 v as well as y passbands) and ± 4 mmag (2004 APT75 v and 2003 OSN90 y measurements. The power spectrum of the C1-C2 differences does not reveal any statistically significant peaks.
The resulting light curves of FG Vir are shown in Figs. 1 and 2, where the observations are also compared with the fit to be derived in the next section.
Multiple frequency analysis
The pulsation frequency analyses were performed with a package of computer programs with single-frequency and multiple-frequency techniques (PERIOD04, Lenz & Breger 2005 ; http://www.astro.univie.ac.at/ ∼ dsn/dsn/Period04/), which utilize Fourier as well as multiple-least-squares algorithms. The latter technique fits up to several hundreds of simultaneous sinusoidal variations in the magnitude domain and does not rely on sequential prewhitening. The amplitudes and phases of all modes/frequencies are determined by minimizing the residuals between the measurements and the fit. The frequencies can also be improved at the same time. 
Frequencies detected in the 2002 -2004 data
The following approach was used in an iterative way:
(i) The data were divided into two data sets to separate the y and v filters, each covering the total time period from 2002 -2004. This is necessary because the amplitudes and phasing of the pulsation are strongly wavelength dependent. In principle, the different amplitudes could be compensated for by multiplying the v data by an experimentally determined factor of 0.70 and increasing the weights of the scaled v data accordingly. (Anticipating the results presented later in Table 2 , we note that this ratio is confirmed by the average amplitude ratio of the eight modes with highest amplitudes.) However, the small phase shifts of a few degrees cannot be neglected for the larger-amplitude modes. Consequently, the data were analyzed together for exploratory analysis, but not for the final analyses.
(ii) We started with the single-frequency solution for the two data sets using the program PERIOD04. For the Fourier analyses the two data sets were combined to decrease the noise, while for the actual fits to the data, separate solutions were made.
(iii) A Fourier analysis was performed to look for additional frequencies/modes from the combined residuals of the previous solutions. Additional frequencies were then identified and their signal/noise ratio calculated. Following Breger et al. (1993) , a significance criterion of amplitude signal/noise = 4.0 (which corresponds to power signal/noise of ∼12.6) was adopted for non-combination frequencies. The most clearly detected additional frequencies were included in a new multifrequency solution. In order for a new frequency to be accepted as real, the signal/noise criterion also had to be fulfilled in the multifrequency solution. This avoids false detections due to spill-over effects because the Fourier technique is a singlefrequency technique. Furthermore, since there exist regular annual gaps, trial annual alias values (separated by 0.0027 c/d) were also examined. We note that the choice of an incorrect annual alias value usually has little or no effect on the subsequent search for other frequencies. The choice of an incorrect daily alias (separated by 1 c/d) would be more serious and we carefully examined different frequency values.
(iv) The previous step was repeated adding further frequencies until no significant frequencies were found. Note that only the Fourier analyses assume prewhitening; the multiple-frequency solutions do not.
In this paper we omit the presentation of very lengthy diagrams showing the sequential detection of new frequen-cies, except for the example shown in the next subsection. A detailed presentation of our approach and its results can be found in our analysis of the 2002 data .
FG Vir contains one dominant frequency: 12.7162 c/d with a photometric amplitude five times higher than that of the next strongest mode. To avoid potential problems caused by even small amplitude variability, for this frequency we calculated amplitudes on an annual basis. The results of the multifrequency analysis are shown in Table 2 . The numbering scheme of the frequencies corresponds to the order of detection, i.e., the amplitude signal/noise ratio, and therefore differs from that used in previous papers on FG Vir.
Further frequencies detected in the 1992 -2004 data
An extensive photometric data set covering 13 years is essentially unique in the study of δ Scuti stars, promising new limits in frequency resolution and noise reduction in The relatively short coverage of the data from 1992 and 1996 excluded the computation of 79-frequency solutions for individual years (to avoid overinterpretation). We have consequently combined all the y measurements from 1992 to 1996 as well as the available 1995 and 1996 v data. Together with the y and v data sets from 2002 -2004, we had four data sets. Fig. 3 illustrates some examples of the resulting power spectra. Due to the large amount of APT data from 2002 -2004, which therefore dominates, the 1 c/d aliases are not zero (top left). Nevertheless, due to the excellent frequency resolution, these aliases are very narrow so that the aliasing problem is not severe. The figure also shows the power spectrum of the measurements in the 40 -45 c/d region, which was the most difficult region for us to analyze due to the small amplitudes of all the detected frequencies.
The new detections are included in Table 2 . A comparison with the frequencies published in earlier papers shows that all the previously detected frequencies were confirmed. This also includes those previously detected modes not found to be statistically significant in the 2002 data alone. In a few cases, different annual aliases were selected. However, the main result is the increase in the number of detected frequencies to 79, which more than doubles the previous results. Fig. 4 shows the distribution of frequencies in frequency space. We note the wide range of excited frequencies, which is unusual for δ Scuti stars, as well as the clustering of the excited frequencies. This clustering persists even after the suspected combination frequencies and 2f harmonics are removed.
A new feature is the detection of frequencies with values between 40 and 45 c/d. They all have small amplitudes of ∆y ∼0.2 mmag. The lower noise of the new data now made their detection possible.
Color effects
The light curves of pulsating stars are not identical at different wavelengths. In fact, amplitude ratios and phase shifts provide a tool for the identification of nonradial modes (e.g., see Garrido et al. 1990 , Moya et al. 2004 ). For δ Scuti stars, the amplitude ratios between different colors are primarily dependent on the surface temperature. For the individual pulsation modes, the phase differences and deviations from the average amplitude ratio are small. This means that observational errors need to be small and any systematic errors between the different colors should be avoided.
For most nights there exist both v and y passband data, so that amplitude ratios as well as phase differences can be derived. However, our 79-frequency solution is not perfect. In order not to introduce systematic errors in the phase differences and amplitude ratios, for the calculation of amplitude ratios and phase differences, we have omitted those nights for which two-color data are not available. Consequently, no data from 1992 and 1993 were used and all 1995 (single-color) CCD measurements were omitted. Table 3 lists the derived phase differences and amplitude ratios for the modes with relatively high amplitudes. The uncertainties listed were derived from errorpropagation calculations based on the standard formulae given by . The results can now be used together with spectroscopic line-profile analyses to identify the pulsation modes.
Combination frequencies
We have written a simple program to test which of the 79 frequencies found can be expressed as the sum or differences of other frequencies. Due to the excellent frequency resolution of the 2002 -2004 data, we could be very restrictive in the identification of these combinations. A generous limit of ± 0.001 c/d was adopted. The probability of incorrect identifications is correspondingly small. A number of combinations was found and these are marked in Table 2 . They generally agreed to ± 0.0002 c/d.
How many accidental agreements do we expect? We have calculated this number through a large number of numerical simulations, assuming a reasonable agreement of the observed frequency to within 0.0002 c/d of the predicted frequency. We obtain an average of 0.93 accidental matchings of peaks with combination frequencies. We conclude that most or all detected combination frequencies are not accidental. The argument is strengthened by the fact that the combinations detected by us all contain one of two specific modes, which reduces the chance of accidental agreements to essentially zero.
We also note that the lowest frequency detected, f 47 at 5.749 c/d, can be expressed as a triple combination of f 1 , f 3 and f 57 . This may be accidental.
Combinations of the dominant mode at 12.7163 c/d
Due to the presence of a dominant mode at 12.7163 c/d (f 1 ), it is not surprising that some combination frequencies, f 1 ±f i , exist and are detected (see Table 2 ). In order Table 4 , in which small differences compared to Table 2 are caused by the different The amplitudes in brackets are too low for fulfilling the adopted criterion of statistical significance.
procedures of our analyses. The amplitudes of the sums (f 1 +f i ) are higher than those of the differences (f 1 -f i ). We believe the result to be real and intrinsic to the star. The differences are generally found at low frequencies, where the observational noise is higher. Increased noise should lead to higher amplitudes, which are not found.
Combinations of the 20.2878 c/d mode
Apart from the mode combinations involving the dominant mode, f 1 , two other two-mode combinations are found, both involving f 11 at 20.2878 c/d. While the mode identifications are still in progress, this mode can to a high probability be identified as a ℓ=1, m=-1 mode (Zima et al. 2003) . At first sight, this appears surprising, since the photometric amplitude is only 1.5 mmag. However, for the known inclination and mode identification, we calculate a geometric cancellation factor of ∼3.6, so that the real amplitude of this mode is 5 mmag or larger. The fact that the m value is not equal to zero has some interesting consequences for the observations of combination frequencies. The reason is that there are two frames of reference: the stellar frame corotating with the star, and that of the observer. For nonradial modes of m values = 0 (i.e., waves traveling around the star), the frequencies between the two frames of reference differ by mΩ, where Ω is the rotation frequency of the star (see Cox 1984 for an excellent discussion). The frequency combinations occur in the corotating (stellar) frame, and not the observer's frame of reference. Consequently, many possible combinations involving non-axisymmetric modes should not be observed as simple sums or differences of observed frequency values.
It follows that for the non-axisymmetric (m=-1) mode at 20. 
The problem of missing frequencies solved?
δ Scuti star models predict pulsational instability in many radial and nonradial modes. The observed number of lowdegree modes is much lower than the predicted number. The problem of mode selection is most severe for postmain-sequence δ Scuti stars, which comprise about 40 percent of the observed δ Scuti stars. The theoretical frequency spectrum of unstable modes is very dense. Most modes are of mixed character: they behave like p-modes in the envelope and like g-modes in the interior. For example, for a model of the relatively evolved star 4 CVn, the models predict 554 unstable modes of ℓ = 0 to 2, i.e., 6 for ℓ = 0, 168 for ℓ = 1, and 380 for ℓ = 2 (see Breger & Pamyatnykh 2002) . However, only 18 (and additional 16 combination frequencies) were observed . The problem also exists for other δ Scuti stars. A complication occurs since the models so far cannot predict the amplitudes of the excited modes.
Two explanations offer themselves: the missing modes exist, but have amplitudes too small to have been observed, or there exists a mode selection mechanism, which needs to be examined in more detail. Promising scenarios involve the selective excitation of modes trapped in the envelope (Dziembowski & Królikowska 1990) or random mode selection.
Let us turn to the star FG Vir. Unpublished models computed by A. A. Pamyatnykh predict 80 unstable modes with ℓ = 0, 1 and 2 in the 8 -40 c/d range. This number is smaller than that mentioned previously for the more evolved star 4 CVn, but until now this large number was not observed either. The present study addresses the question by lowering the observational amplitude threshold to 0.2 mmag. We have detected 79 frequencies, of which 12 could be identified as harmonics or combination frequencies. This leaves 67 independent frequencies. There also exists considerable evidence that many more modes are excited:
(i) Consider the amplitude distribution of the detected modes shown in Fig. 5 . There is a rapid increase in the number of modes as one goes towards low amplitudes. The present limit near 0.2 mmag is purely observational. Consequently, the number of excited modes must be much larger.
(ii) Consider the power spectrum of the residuals after subtraction of the multifrequency solution (Fig. 6) . We see excess power in the 10 -50 c/d range. This is exactly the region in which the previously detected modes were found. This indicates that many additional modes similar to the ones detected previously are excited at small amplitude.
We can exclude the possibility that the large number of observed frequencies is erroneous because of imperfect prewhitening due to amplitude variability. We have ex-amined this possibility in great detail, with literally thousands of different multifrequency solutions allowing for amplitude variability. In no case was it possible to significantly reduce the structure in the power spectrum of the residuals. In fact, the 'best' multifrequency solution adopted treated the two colors as well as the 1992 -1996 and 2002 -2004 data separately and allowed annual amplitude variability of the dominant mode at 12.7162 c/d. Amplitude variability, therefore, cannot explain the excess power.
Consequently, the problem that the number of detected modes is much smaller than the number of predicted low-ℓ modes no longer exists, at least for FG Vir. Of course, we cannot conclude that each theoretically predicted mode is really excited and has been detected. This would require much more extensive mode identifications than are available at this stage.
In the previous discussion, we have concentrated on the low-ℓ modes which are easily observed photometrically. One also has to consider that at low amplitudes, variability from modes of higher ℓ values might also be seen photometrically. The geometric cancellation effects caused by the integration over the whole surface only become important for ℓ ≥ 3. This is shown by Daszyńska-Daszkiewicz et al. (2002) , who calculated the amplitude reduction factors caused by temperature variations across the disk. From this paper we can roughly estimate a cancellation factor of ∼50 in the y passband for ℓ = 3 modes, implying that only the largest-amplitude modes could be photometrically detected. Such modes would have amplitudes similar to, or larger, than that of the observed dominant (ℓ = 1) mode at 12.7162 c/d and might therefore be expected to be few. Regrettably, the situation is somewhat more complicated. The results presented in Fig. 2 of the Daszyńska-Daszkiewicz et al. paper are actually based on models with higher surface temperatures and could fit the β Cep variables. A. Pamyatnykh has kindly calculated specific models fitting the star FG Vir. Here the geometric cancellation factor becomes smaller by a factor of two or three. Consequently, some of the low-amplitude modes observed by us could also be ℓ = 3 modes.
We conclude that the large number of detected frequencies as well as the large number of additional frequencies suggested by the power spectrum of the residuals confirms the theoretical prediction of a large number of excited modes. A mode-by-mode check for each predicted mode is not possible at this stage.
